ABSTRACT Aedes albopictus (Skuse), Asian tiger mosquito, a dengue fever vector, colonized the United States and Brazil Ϸ15 yr ago. The geographic origin and changes in population structure were examined using DNA sequences of mitochondrial NADH dehydrogenase subunit 5 (ND5). A 450 bp region was ampliÞed by polymerase chain reaction (PCR) and screened for variation by both the single strand conformation polymorphism (SSCP) mutation detection technique and direct sequencing. The United States populations were typiÞed by some local differentiation, but the most common and widespread haplotype was characteristic of the native range (Asian) populations as well. A comparison of the native range populations with the United States populations indicated a shared ancestral origin. The Brazil populations contained private (population speciÞc) haplotypes, indicating no genetic exchange between the Brazil and the United States populations since introduction. Local differentiation was not observed among Brazil populations in contrast to the United States populations; this suggested distinctive dispersal mechanisms in the two countries. Extremely low variability was present in the A. albopictus mitochondrial sequences when contrasted with other taxa, reßecting a history of dispersal from a narrow genetic base. In contrast, relatively high levels of variation in several sequenced nuclear loci indicated the following colonization sequence: (1) the founding population was small, genetic drift had insufÞcient time to reduce variation at nuclear loci, and (2) populations successively expanded to new geographic areas established from a few founder females.
THE INVASION OF exotic species is of great concern to human health, agriculture and the natural environment and is mainly a result of global trade and travel (Munro et al. 1999) . The recent spread of Aedes (Stegomyia) albopictus (Skuse) has been a major concern as it is one of the major vectors of dengue in Asia and plays an important role in the transmission of a number of arboviruses (Mitchell 1995) . This species has the capacity to exploit artiÞcial container habitats, a basis for its rapid and successful colonization and widespread distribution.
The distribution and invasion history of A. albopictus has been reviewed (Hawley 1988, Schaffner and Karch 2000) . The native range of A. albopictus extends from Madagascar through the Indomalayan and oriental regions, China and Japan (Fig. 1) . This species has recently been discovered in parts of Africa, southern Europe, and the Western Hemisphere. Aedes albopictus was probably introduced into the United States by commercial tire shipments from northern Asia (Hawley et al. 1987) in the mid-1980s Darsie 1984, Sprenger and Wuithiranyagool 1986) . The species is now widespread throughout the southern, southeastern, and midwestern United States (Moore 1999) . Shortly after its discovery in the United States, A. albopictus was identiÞed in Brazil (Forattini 1986) . The absence of a photoperiodic egg diapause in a Brazilian strain indicated a tropical Asian origin (Hawley et al. 1987) . However, inferred from allozyme studies a common northern Asian (Japan) origin for both United States and Brazilian invasions and subsequent independent evolution of these populations.
Mitochondrial DNA (mtDNA) is used extensively as a molecular marker to make inferences about population parameters (e.g., gene ßow, effective population size and evolutionary history) (Avise 1994) . Mitochondrial DNA has an effective population size one-fourth that of nuclear DNA; consequently, it is more sensitive to genetic drift, resulting in greater genetic differentiation, and is potentially a populationspeciÞc marker (Avise 1994) . Although earlier studies on mitochondrial restriction site variation in A. albopictus revealed low levels of variation , information content in datasets can be improved by directly assessing DNA variation through sequencing. The mitochondrial NADH dehydrogenase 5 subunit (ND5) is one of the most variable protein-coding genes, and has been used in intraspeciÞc evolutionary studies of anopheline mosquitoes (Besansky et al. 1997 ). In the current study, we sequenced the mitochondrial ND5 gene to (1) establish the pattern of genetic variation among the Brazil and United States populations following more than a decade of colonization and (2) reexamine the geographic origin of populations that colonized Brazil and the United States.
Materials and Methods
Sample Collection. Specimens of larvae, pupae, and adults were collected from the United States, Brazil, Madagascar, Malaysia, Indonesia, and Japan (Fig. 1) . A minimum sample size (n) of 50 was reached for all populations, except Vitó ria in Brazil (VIT, n ϭ 34), and Fukushima, Kagoshima, and Okinawa in Japan and Ujung-Pandang in Indonesia (n ϭ 20 each). The samples representing native range genomes of Japan, Indonesia, and Malaysia were laboratory colonies (F 10 ÐF 23 generations). Presumably, these colonies carried a common haplotype occurring in the Þeld populations from which each originated. The remainder of the samples were direct Þeld collections. Adult Þeld specimens were captured using aspirators. Fieldcollected larvae and pupae were reared to adulthood at the Yale Epidemiology and Public Health insectary. Adults were either immediately stored in 80% ethanol or frozen on dry ice during transportation and eventually stored at Ϫ80ЊC in the laboratory.
DNA Extraction. DNA was isolated using the modiÞed method of Bender et al. (1983) . Each A. albopictus specimen was washed twice in 95% ethanol to remove potential contaminants from other specimens. The specimen was air dried on the side of the tube and immersed in 50 l of lysis buffer (0.1 M NaCl, 0.1 M sucrose, 0.1 M Tris, pH 9.1, 0.05 M EDTA, 0.5% SDS). Each specimen was homogenized in a 1.5-ml Eppendorf tube, using a Kontes disposable pestle (Kontes Glass, Vineland, NJ). Each pestle was rinsed with an additional 50 l of buffer to remove trace amounts of the specimen. The samples were incubated at 65ЊC for 30 min, and potassium acetate was then added to make a Þnal concentration of 1 M. After overnight incubation on ice, the tubes were centrifuged at 14,000 rpm for 15 min. Supernatants were transferred to fresh tubes with 100 l of absolute ethanol and equilibrated for 5Ð 6 min at room temperature. Following 15 min of centrifugation, the pellet was washed with 100 l of ice cold 70% ethanol, centrifuged for 5 min, and washed again with 100 l absolute ethanol. DNA pellets (Ϸ200 ng) were resuspended in 500 l TE buffer (10 mM Tris, 1 mM EDTA, pH 7.6) for 10 min at 65ЊC and stored at Ð20ЊC. DNA Amplification. Forward and reverse primers for DNA ampliÞcation and sequencing were designed based on GenBank consensus sequences of highly conserved regions of insect species that include Anopheles gambiae (Accession number L20934; Beard et al. 1993) , An. quadrimaculatas (L04272; Cockburn et al. 1990) , Apis mellifera (L06178; Crozier and Crozier 1993) Drosophila melanogaster (U37541; Garesse 1988) , and Locusta migratoria (X80245; Flook et al. 1995) . Manual sequence alignment using the program SeqApp (Gilbert 1993) indicated that two regions Ϸ449 bp apart were relatively conserved across the Þve species. Using this alignment, the following primers were designed:
Forward primer (6500): 5Ј-TCCTTAGAATA-AAATCCCGC-3Ј
Reverse primer (7398): 5Ј-GTTTCTGCTTTAGT-TCATTCTTC-3Ј
Numbers in parentheses correspond to the nucleotide position of the 5Ј-end of the primer in reference to An. gambiae mitochondrial genome (Beard et al. 1993) .
Polymerase chain reaction (PCR) ampliÞcations were performed in 50-l reaction volumes containing 1 l of DNA template, PCR buffer containing 35 mM Mgϩϩ (pH 8.3), 100 mM Tris-HCl (pH 8.3), 250 mM KCl, 1 M of each primer, 2 mM of dNTP mix (Boehinger-Mannheim, Germany), and 0.4 U of Taq DNA polymerase (Boehringer Mannheim). The temperature proÞle on the thermal cycler consisted of an initial denaturation at 98ЊC for 5 min, followed by 10 cycles at 95ЊC for 1 min, 45ЊC for 1 min, 72ЊC for 1 min 30 s, then 30 cycles at 95ЊC for 1 min, 46ЊC for 1 min, 72ЊC for 1 min 30 s, and a Þnal extension at 72ЊC for 3 min. A negative control was included in all PCR reactions to guard against DNA contamination. Aliquots of 5 l of each PCR product were subjected to electrophoresis at 180V on a 2% agarose gel stained with ethidium bromide. A X174 RF DNA HaeIII standard marker (GibcoBRL, Gaithersburg, MD) was included on each gel.
Single Strand Conformation Polymorphism and DNA Sequencing. The single strand conformation polymorphism (SSCP) technique (Orita et al. 1989 ) provided a quick, sensitive, and inexpensive method to screen for variants/haplotypes. Subsequently, each variant was sequenced. The SSCP procedure was as follows: After PCR, 3Ð7 l of the product was added to a tube containing 5 l loading buffer (95% formamide, 0.05% bromophenol blue, 0.05% xylene cyanol, 10 mM NaOH). The product was denatured at 98ЊC for 5 min and rapidly cooled on wet ice. The products were loaded on a 5% polyacrylamide gel (0.4 mm thick) with 2% cross linker and 5% glycerol. Electrophoresis was performed at room temperature at 15 mA for 16 Ð18 h using 1ϫ TBE buffer, pH 8.0 in the lower and upper buffer chambers. Gels were silver-stained immediately (Black and DuTeau 1997) . Two specimens differing by a single base pair mutation were included on each electrophoretic run to determine the sensitivity in detecting single mutations. IdentiÞed haplotypes were included on each electrophoretic analysis to identify specimens with similar or new sequence patterns. Haplotypes were scored by comparison of renatured single-stranded DNA migration patterns. Before sequencing, PCR products of detected haplotypes were puriÞed with QIAquick PCR PuriÞcation Kit (Qiagen, Valencia, CA), according to supplierÕs speciÞcations. Nucleotide sequences of haplotypes were determined by automated sequencing (HHMI Biopolymer/W. M. Keck Foundation Biotechnology Resource Laboratory, Yale University, New Haven, CT). Either one of the PCR primers was used as a sequencing primer. More than one individual representing the same haplotype was sequenced.
Data Analysis. DNA sequences were aligned both manually and with the program CAP sequence assembly (software by Huang X., available at http://gcg. tigem.it/). Nucleotide diversity within populations was estimated according to Nei (1987, equation 10.5) . For genetic distances, the number of net nucleotide substitutions between populations, (Nei 1987 , equation 10.21) was calculated. The extent of genetic differentiation between populations was estimated using the haplotype statistic, H ST (Hudson et al. 1992) . We used Monte Carlo simulations, where individuals are sampled without replacement and randomly assigned to populations, to estimate the statistical signiÞcance of observed H ST values using the program POPSTR (supplied by Siegismund, University of Copenhagen). Genetic distance matrices were generated using the Kimura 2-parameter distance (Kimura 1980) . TajimaÕs D statistic (Tajima 1989 ) tested for deviations from neutrality within populations, using the program DnaSP (Rozas and Rozas 1999) . The parameter (ϭ2N e ; where N e is the effective population size of females and is the mutation rate) was estimated in two ways: (1) based on the number of segregating sites in the sample and (2) the number of pairwise differences between haplotypes. , The statistical signiÞ-cance of the D statistic was tested using the average observed D value and comparing it to the distribution of the simulated D-value. For both estimates of , and assuming no recombination, conÞdence intervals were deÞned using 10,000 coalescent simulations (Hudson 1990 ).
We used the program Arlequin (Schneider et al. 1997) to determine the relationship between haplotypes deduced by means of a minimum spanning network. The network was constructed by hand, using pairwise Kimura 2-parameter distance estimates (Kimura 1980) , with the size of the nodes scaled to represent the haplotype frequency.
Results
Mitochondrial Sequence Variation. Both sequencing primers yielded the same sequence. No ambiguities were found during sequence alignment. The alignment of 405 bp of the ND5 gene identiÞed seven variable sites deÞning nine haplotypes in a total of 764 individuals analyzed in Brazil, United States, and native range samples (Table 1) . Sequences of these haplotypes have been submitted to GenBank (Accession numbers AY049968-AY049976). All substitutions were transitionsÐthree at the third position, two at the second position, and two at the Þrst position. Seven sites were synonymous (silent) substitutions. The Brazil populations were characterized by private (population speciÞc) haplotypes. Nucleotide position 184 (Table 1) distinguished the Brazil populations from all other populations (Malaysia, Indonesia, Japan, Madagascar, and United States). The most frequent haplotype (haplotype 3) was widespread in all United States populations and in native range populations (Fig. 2a) . In Brazil, the most frequent haplotype was also widespread in all populations sampled. Unique haplotypes occurring in low frequencies were found in three United States populations (Fig. 2a) .
Phylogenetic Relationships Among Haplotypes. The minimum spanning network illustrating relationships among the nine mtDNA haplotypes is shown in Fig. 2b . Aedes albopictus haplotypes cluster into two distinct groups separated by a single mutational step. The most frequent haplotype formed an internal node in each grouping with immediate derivative(s) separated by a single mutation.
Population Differentiation. Due to the low frequency of multiple haplotypes, the total haplotype diversity, H T ϭ 0.539, and within population diversity, Table 1 and Fig. 2a) . The size of the circle is proportional to the haplotype frequency. H S ϭ 0.089, were both low. The H ST of the total population was 0.835 indicating a strong differentiation among populations (P Ͻ 0.001). No signiÞcant structuring was observed in pairwise comparisons among the four populations from Brazil (monomorphic or H ST ϭ 0.021; P ϭ 0.241). In the United States, signiÞcant structuring was observed in pairwise comparisons of all populations to Florida populations (H ST ϭ 0.079 Ð 0.862; P Ͻ 0.01Ð 0.003) with the exception of Jacksonville (JA) and 3D Salvage yard (3DS) (H ST ϭ 0.017Ð 0.037; P ϭ 0.06 Ð 0.136). No structuring was observed between JA and 3DS (H ST ϭ Ϫ0.003, P ϭ 0.606). All homogenous populations were pooled in subsequent analyses. Pairwise comparisons among Oslo Mall (OM)/AA Salvage Yard (AAS), Brazil, and Malaysia/Indonesia/Japan/the other United States populations, revealed signiÞcant structuring with H ST values ranging from 0.210 to 0.710 (P Ͻ 0.001). The nucleotide diversity in the total sample was 0.16%. The nucleotide diversity within populations indicated consistently low levels of genetic variation ranging from 0.0 to 0.086%. Under a neutral model of constant population size, the expected value of D is close to zero (Tajima 1989) . A negative D value results when more than the expected number of polymorphic sites have low frequencies in the sample, a pattern that can be explained by either a recent population size expansion or recent selection. Our results indicate negative values (D ϭ Ð 0.8176; Table 2) for the total samples and were not statistically signiÞcant (P Ͼ 0.1). This is consistent with a neutral mutation hypothesis for the polymorphisms observed in the ND5 gene. Using both estimators, the weighted D values lie close to the middle of distribution, falling within a 95% conÞdence interval obtained by the simulations. Note that a low positive D value (0.1438; P Ͼ 0.1) was observed for the OM/AAS population but the weighted average of D using 10,000 simulations was Ϫ0.0566 (P ϭ 0.6137) ( Table 2 ). The negative D values suggested that the observed pattern of polymorphism was a consequence of a recent expansion in population size (Tajima 1989 ).
Discussion
The current study revealed extremely low levels of sequence variation within A. albopictus populations in contrast to ND5 sequences of other mosquito populations (e.g., Besansky et al. 1997 , Thelwell et al. 2000 . Low levels of variation may be attributed to severe, repeated, or long periods of population bottlenecks that result in losses in genetic variation due to random genetic drift (Nei et al. 1975) . In some areas in the United States, repeated control programs have involved source reduction and insecticide application that have reduced or eradicated A. albopictus populations (Nasci 1995) . Therefore, control activities may be a contributing factor to reduced variability. In contrast to the mtDNA results, several nuclear loci (Black et al. 1988a (Black et al. , 1988b and ongoing studies on sequences of speciÞc nuclear genes (unpublished data) in A. albopictus populations have revealed relatively high levels of genetic variation. The effect of drift on genetic variability is likely to be more pronounced in mtDNA than nuclear loci. This result is expected from theoretical deductions that the effective population size of mtDNA is one-fourth that of nuclear DNA (Avise et al. 1988 , Avise 1994 . Nuclear gene variants are therefore retained for a longer period (Neigel and Avise 1986) . To maintain the contrasting levels of mitochondrial and nuclear-based variation, the effective population size of the founding females must have been small followed by a rapid expansion in which drift greatly reduced mitochondrial polymorphisms without appreciably affecting nuclear variability. Previous studies suggested large founding populations for A. albopictus in the United States (Black et al. 1988a; Kambhampati et al. 1990 . These results underscore the need for caution in inferring the colonization history of populations from a single marker.
Another plausible explanation is that the United States and Brazil populations were established by individuals from a founder population of low mtDNA variability (Davies et al. 1999, Matocq and Villablanca 2001) . Indeed, the current study and mitochondrial restriction enzyme analyses involving A. albopictus populations in their native range reveal low levels of mtDNA variability. However, allozyme studies in Asian populations (Black et al. 1988b ) demonstrated relatively high levels of genetic variation. A likely colonization sequence therefore, may be one of a successive and rapid expansion of populations to new geographic areas by a few founder females. The establishment of populations by founder events has also been reported in other species; for example, the Hawaiian Drosophila (Carson and Templeton 1984, DeSalle and Templeton 1988) .
Limited phylogeographic partitioning of haplotypes with low levels of sequence divergence typiÞes the population structure of A. albopictus in the United States and Brazil (Fig. 2b) . This may be a result of a recent range expansion through a passive mode of dispersal, mainly through human activities, while maintaining continuous genetic contact between some established local populations. The minimum spanning network (Fig. 2b) is consistent with the expectations of a range expansion in a haplotype network topology (Templeton 1998) . In this case, the interior nodes (haplotypes 1 and 3) represent widespread ancestral haplotypes in the preexpansion area, followed by younger haplotypes in declining frequency and limited in geographic distribution. Additional support for the recent population expansion hypothesis comes from the values for the TajimaÕs D statistic, which predicts negative values in sudden expansion models (Tajima 1989) . Therefore, phylogeographic partitioning is not expected because too little time has passed for mutations to occur and accumulate (Avise 1994) .
The mitochondrial DNA lineage sorting between populations appears to be incomplete as the widespread haplotype in the United States is also found in the native range populations. In expanding populations, lineage extinction is dramatically slowed, further extending the time of lineage sorting (Avise et al. 1984) . Apparently, A. albopictus populations in the ancestral ranges have experienced pronounced range expansions, favoring the survival of the ancestral mtDNA lineage in established United States populations.
A single widespread mtDNA haplotype in Brazil and the United States suggests an expansion following a single, separate introduction to each country. However, a multiple introduction scenario cannot be excluded entirely because of the shared polymorphism among native and established populations (see also, . The single versus multiple invasion hypotheses may be difÞcult to assess with mtDNA data alone. Better elucidation may be obtained by multilocus sequencing of independent molecular markers. Nuclear loci are likely to reveal shared polymorphisms, a phenomenon also observed with mtDNA, because nuclear loci reach allelic Þxa-tion more slowly due to the fourfold larger effective population size (Nei 1987) . Therefore, independent nuclear loci potentially reveal varying levels of lineage sorting depicting unique population histories. Although a gene tree may not always reßect a species tree (Nei 1987, Pamilo and Nei 1988) , phylogenetic concordance among gene trees from multiple independent loci is likely to provide clear support for the gene tree that corresponds to the population history (Avise and Ball 1990) .
The close genetic similarity (a single mutational step between haplotypes; Fig. 2b ) between the Brazil and United States populations implies that A. albopictus were introduced at about the same time on the two continents. Despite the close genetic similarity between the two continents, the lack of shared haplotypes and signiÞcant structuring is evidence that no genetic contact has occurred since introduction and that these populations continue to evolve independently. The phylogeographic structure also suggests that the Brazil and United States populations are derived from independent and phylogeographically structured sources. An allopatric origin for the two countries is consistent with previous Þndings based on comparisons related to diapause (Hawley et al. 1987 ). Hawley reported diapause in United States populations similar to that observed in temperate Asian populations, whereas in a Brazilian population diapause did not occur and reßected a similarity to tropical Asian populations. Diapause was not initiated by photoperiodic responses in populations at lower latitudes (Յ20Њ). Diapause is a genetic trait and we speculate that it will not be triggered by photoperiodic responses in recently introduced populations originating from a tropical or subtropical origin. HawleyÕs Brazil population was collected soon after its introduction, presumably before mutations might act to inactivate the unnecessary (in tropical Brazil) diapause trait. Allozyme studies , however, have hinted at a common origin in northern Asia (Japan) for both the Brazil and American invasions. Since most of the Asian populations in the current study were laboratory colonies, a careful sampling transect across the range of multiple Asian Þeld populations will be necessary to resolve the contrasting observations. The diagnostic site in the ND5 gene will serve as a unique marker to identify the precise origin of the Brazil populations.
The frequency histogram of haplotypes (Fig. 2a) indicates that unique haplotypes occurring in low frequencies are observed in some United States populations. This conÞrms previous Þndings (Black et al. 1988a (Black et al. , 1988b Kambhampati et al. 1990; Urbanelli et al. 2000 ) that the breeding structure in A. albopictus is characterized by drift in local populations. Adult ßight capabilities are likely to vary depending on the habitat distribution and larval density (Hawley 1988) . The lack of local differentiation in Brazil suggests a distinct colonization history involving recurrent genetic contact between populations. The question remains as to whether a similar breeding structure occurs in ancestral populations deÞning the Brazilian populations. However, local differentiation is not observed in several United States populations. The absence of local differentiation in these populations may be attributed to a loss of variation through repeated bottlenecks, a recent colonization, or a unique breeding structure. Multiple unique haplotypes occurring only in 3DS, Florida, may represent either new mutations in the established populations or multiple introductions. A multiple introduction is highly likely because this tire yard serves as a central disposal point from several municipalities (G. F. OÕMeara, personal communication). Furthermore, the observation of two mutational steps with no intermediates (haplotypes 3 and 4; Fig.  2b ) in populations of low variation and in proximal sampling sites indicates that a rare haplotype has been missed during sampling. Sampling of more localities in Florida may establish the source of introduction.
